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Measuring nanomechanical properties of a dynamic contact
using an indenter probe and quartz crystal microbalance
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A study of the contact mechanics of a probe tip interacting with a quartz crystal microbalance
(QCM) has been performed, involving simultaneous measurements of normal load, displacement,
and contact stiffness with changes in QCM resonant frequency. For metal-metal and glass—metal
contacts in air, the QCM frequency shifts were observed to be positive, and directly proportional to
the contact area as inferred from the contact stiffness. Interfacial characteristics of the probe—tip
contact (elasticity, contact size, and an estimate of the number of contacting aspentes
deduced by extending a prior model of single asperity contact to the case of multiple contacts. The
extended model clarifies a number of seemingly disparate experimental results that have been
reported in the literature. @001 American Institute of Physic§DOI: 10.1063/1.1413493

I. INTRODUCTION Laschitsch and Johannsma&hm® (LJ) studied a number of
materials combinations and reported positive frequency

~ Knowledge of the physical properties of small contact-ghjfts and decreased quality factors. They presented a model,

ing asperities is a topic that is of increasing importance t0 &sgyming a single asperity contact, which predicted positive

number of macroscopic and microscopic applications. I\qurequency shifts linearly proportional to contact radius. In

merous experimental characterizations of the physical PrOR ontrast Flanigaet al?° directly measured the contact area

erties of nanoscale contacts have been performed by meaggtween a QCM and a polymer gel cap and observed a nega
of nanoindentatiod;* atomic force microscopy®and scan- polymer gel cap 9

ning tunneling microscopySTM).%1° More recently, it has tive frequency shift directly proportiopal to the contact area.
become recognized that a probe tip-quartz crystal microbatt medel based on known expressions for the QCM fre-
ance(QCM)2 or closely related geometrféscould also ~ duency shift on fullimmersion in a fluid medium was used to
have enormous potential as a sensitive probe of interfacidgleduce the viscoelastic properties of the gels.

physical properties. The principle underlying such experi-  The seemingly disparate results reported in the literature
ments is that the extremely sharp resonance of a quartz crystem largely from the fact that no experimental group has
tal is sensitive to interaction forces applied to its surfacesperformed measurements in completely characterized situa-
Changes in resonance frequerfgyand quality factorQ re-  tions (normal force, contact area, etcand thus untested
flect the additional energy storage and loss accompanying thessumptions have necessarily been incorporated into the
interactipn. In gen_eral, aII_ four combinat_ions of incre_asirzwg Ofanalyses. In order to simultaneously measure the relevant
decreasing, and increasing or decreasifgare possiblé: physical parameters to interpret such measurements, we have

Beginning in 1994, the frequency shift ofa QCM in F€SPONSE, sed a combined nanoindenter-QCM apparatus. This allows

to a contacting probe tip was reported by groups indepen-

dently seeking to characterize asperity contacts. Krim an&pdependent measuremer_n of the a_pplu_ed load, normal d'TQ"
co-workerd™'2 reported negative frequency shifts and de_placement, and contact stiffness, while simultaneously moni-

creases imQ due to the presence of a STM tip for adsorbed(©ring the frequency shift of the QCM. The advantage of
water films of varying thickness. Sasagi al*>'* reported ~Measuring the displacement and contact stiffness throughout
the use of STM for “scanning shear stress microscopy,” at-the QCM—probe interaction is that it allows quantitative
tributing the observed QCM frequency shifts to be directlyevaluation of the contact mechanics governing the interac-
proportional to interfacial shear stress. The spatial contrast ition. For the probe and surface configuration employed in
these and similar experimefits® has been variously attrib- our experiments, we observed that the frequency shift of the
uted to local friction, elasticity, or viscoelasticity. ~ QCM was positive and linearly proportional to the contact
Two groups have recently evaluated the QCM—probe inyreq  Interfacial characteristics of the probe—tip contact
teraction to interpret the physical properties of such ContaCt?elasticity, contact size, and an estimate of the number of
contacting asperitigswere deduced by extending the LJ
dpresent affiliation: Physics Department, Grinnell College, Grinnell, 1A model of single asperity contact to the case of multiple con-
50112. - .
tacts. The extended model clarifies a number of the experi-

YElectronic mail: jkrim@unity.ncsu.edu - _
9Present affiliation: Hysitron Inc., Minneapolis, MN 55439. mental results that have been reported in the literature.
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Figure 1 shows a diagram of the experimental setup Load, uN

combining a depth-sensing nanoindenter and a QCM. The

nanoindenter consists of a load-displacement transducer wiffiG. 2. Plot of QCM frequency shift vs normal load for contacts with the
electrostatic force actuation and displacement sensing eleélica sphee (0.5 mm radits of curvaturg ard W tip (radits ~12 mm).
tronics (Hysitron, Inc., Minneapolis, MN With a custom

force modulation setufs, this instrument enables dynamic |oad, displacement of the probe, contact stiffness, and QCM
measurementgat about 105 Hz in these experimenté the  resonant frequency. For the staircase ramp experiments, the
contact stiffness normal to the substral,, and avoids  yesplution of the frequency shift was0.02 ppm(=0.1 Ha),
problems associated with thermal drift. It is well established,ﬁ,sing a gate time of 1 s. For the linear ramps, a faster gate
that for a spher!cal indenter.tirgn is directly proportional to  time of 0.1 s was used, which reduced the frequency shift
the contact radiusa;, and given by resolution to 0.5 Hz. The attractive forces during the initial

K =2E* 1 contact of these probe tips with the QCM surface were in-

n ac, ()

. , EWi sufficient to cause observable frequency shifts, as measured
where E* is the reduced Young’s moduldS.With known qing 5 force—distance curve approach mefffomh these

reduced modulus of the materials in contact, the contact rae'xperiments a minimum load of approximately.®l was

dius or area can be directly calculated from the measureflgeqed to observe-80.1 Hz frequency shift with the 12m
contact stiffness. :

The QCM was clamped in a holder that secures the crys\—N tip
tgl at three points a_1|c_)ng its edge and mounted on an XYZ; expERIMENTAL RESULTS
piezoscanner bad®igital Instruments, Santa Barbara, CA
The crystals used were fundamental mode 5 MHz#ans- Figure 2 shows an example of normal load versus QCM
verse shear mod@ut circular quartz blanks with 1 cm di- frequency shift for both th&V t|p and silica Sphere contacts.
ameter. Silver electrodes100 nm thick and 0.6 cm in di- The frequency response of the QCM was linearly propor-
ameter were thermally evaporated onto the blanks. Théonal to applied load over a range up to 5a8. For these
crystals were driven with a Clapp feedback oscillatorcontacts, loads of 30—5AN were needed to obtaia 1 Hz
circuit?® and the resonant frequency and amplifiideere ~ frequency shift on the QCM. Figure 3 shows normal load
monitored with a frequency counter and an osci"oscope’ reYersus contact stiffness data for the silica Sphere. The re-
spectively. The quality factors of the resonators were meaSPonse is clearly nonlinear, and is best fit with a square-root
Sured Wlth a Simp|e “ring_down” techniq&éand were near dependency. Deviation at the hlghel’ loads is the result of
10°. Two probes were used, a fused silica sph@eke Sci-  error in the measurement from a decrease in displacement
entific, Palo Alto, CA, 0.5 mm radius, and an etched tung- amplitude with increasing contact stiffness. Similar behavior
sten wire,~12 um tip radius. The experiments were con- Was observed for the contacts made using Wetip (not
ducted at atmospheric pressure in a dry nitrogen environme®hown, which were also best fit with a square-root depen-
with 1%—10% relative humidity. dency.

During a typical experiment, the QCM was first brought ~ The contact area can be estimated from the contact stiff-
into contact with the indenter tip~1 uN load setpointus- ~ Ness measurements using Ed). The reduced modulus is
ing the piezoscanner. Care was taken to center the indentéiven by
tip on the QCM electrode to maximize QCM sensitivity. 1_,,% 1_,/% -1
Then, a preprogrammed indentation cy@tead/unload was E* =( E + E ) ,
initiated. The normal force was ramped in either a staircase 1 2
fashion with plateaus lasting 30 s, or with a linear ramp atwhere E; and v; are the Young’s modulus and Poisson’s
loading rates of 25 to 5@N/s with a 10—15 s hold before ratios for the substrate and the probe. In calculating the re-
unloading; maximum loads were 100 to 5@M. The data duced modulus, we have taken the thin Ag film on quartz as
acquisition program simultaneously recorded the normah single system with modulus 70 GPa and Poisson’s ratio

@
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FIG. 3. Contact stiffness vs normal load for the silica sphere. The respons€lG. 5. Frequency shift vs contact area for the silica sphere \entip
is best fit with a square-root dependency. during loading to 50QuN.

0.22° We assumed a modulus of 70 GPa and 345 GPa and _ _ _
Poisson’s ratio of 0.2 and 0.28, for the silica sphere and w  Figure 5 shows a plot comparing QCM frequency shift
tip respectivel)?’.o The resulting reduced moduli were 36 versus the contact area for both the W and silica contacts

GPa for the silica sphere and 61 GPa for Wieip during loading to 50QuN. For both contacts, the relationship
- - . 2 . .
Figure 4 shows a plot of the calculated contact area verS linéar(R” values 0.98-0.99 with a slope unique to each

sus normal load for both the silica sphere and W tip. Linea'mtgrface.(We note that departures from the Iine_ar relation-
fits are shown, withR? values of 0.99. The linear relationship ship of Fig. 5 were sometimes observed for higher loads,

between contact area and normal load demonstrates that tflicating that the contact may be entering a new regime of

contact is non-HertziarfFor a sphere against flat geometry deformat!on and/or' Wear.. )
in Hertzian(elastio contact, the contact area varies with load 1 N€ linear relationship between frequency shift and con-

asL?3] The linear relationship is however consistent with an{@ct aréa shown in Fig. 5 is an apparent contradiction with

7 . . . . .
interface that is multicontact and/or undergoing plastic deforfNne L3” model, which predicts a linear proportionality be-

mation. Either of these conditions alone is sufficient to givelVe€n frequency shift and contact radius. On the other hand,

the observed proportionaliff:and both are expected to play € linear relationship between contact area azr(;d frequency
a role. Load-displacement dataot shown from indenta- shift is consistent with the results of Flanigenal.,”” but the

tions on the silvered region of the QCM showed evidence off€duéncy shift is in the opposite direction. We propose that

plastic deformation under these loading conditions. Furthertn® multicontact nature of many probe—-QCM interfaces is an
portant consideration. We now show that our results can

more, the contact areas reported here always span a ran M >
much larger than the observed asperities on the QCM ele@® accounted for by modifying the LJ model accordingly. In

trode surfacé? so multicontact interfaces are expected. ~ d0ing so, the proportionality constants apparent in Fig. 5
may be analyzed in terms of the number and size of contacts

at the interface.

0.35 —
e ] IV. MODELING
g 028 ] In an earlier article, LJ considered a geometry in which
& r ] the radius of the contact zone was much smaller than the
g o2 9 L
< - ] wavelength of shear waves propagating into the prdbe.
S o5 f 3 this model, the frequency shifAf and “loss tangent”
c " L 4 . . .
8 i ] AT'/Af are each linearly proportional to the contact radius
04 L ] and can be identified with an “added stiffness” terthlere,
: ] I' is the half bandwidth at half maximum poweHowever,
0.05 | 1 the derived proportionality between resonance shifts and
b ] contact radius could not be verified, as this required an ex-
0 BB plicit measurement of the contact size and its dependence on
0 100 200 300 400 500 X .
. experimental parameters. The shear stress acting at the
Load, p

probe—QCM interface can be characterized using a wave

FIG. 4. Contact area vs normal load calculated from the contact stiffnes_§n0de| for the propagation of aCOl_JStiC waves from th? QCM
data during loading for the silica sphere anttip. into the probe. LJ employed this approach to derive the
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FIG. 6. The BVD equivalent circuit for a QCM, with a small perturbing
load impedancé, . L is proportional to the mass per unit area of the quartz
blank, 1C is proportional to the stiffness per unit aré#d (whereG is the
shear modulus andithe thickness of the quajtzandR is proportional to the
viscous dissipation inside the quartz blank.

changes in QCM resonance parameters using a well-known

equivalent circuit technique, which we briefly describe in the g TR :

following paragraph. |nd|V|dualcontact
Within linear circuit analysis, a QCM can be described

as a damped harmonic oscillator by the lumped-element

Butterworth—van DykgBVD) equivalent circuit, shown in

Fig. 6. The BVD circuit is derived from the more rigorous . L

transmission line model due to Mason with several reasonguartz_' NOt'_Ce that the Ioss_tang_eM“/Af IS 5|mply.the

able approximation&® To be treated in this context, acoustic negat!ve ratio of the re_al a_nd maginary _partsZQf. For light

interactions involving the probe and quartz crystal are asgampmg, the change in dissipatinis given by

sumed to be both linear in displacement and one- 1 AE 2AT

dimensional, i.e., the acoustic waves are planar with no lat- AD:A(@) :A<ﬁ) :(f_) ®

eral variations”* The latter assumption is certainly not true in . o °

practice since the shear mode amplitude of a QCM decays iWhere AE is the energy dissipated per cycle aids the

a Gaussian manner from the center of the electrod€nergy stored in the system. _
outwards® and the interaction with the probe tip is very To evaluate the mechanical impedance and determine the

localized. (Normalization to the electrode active area intro- Change in resonance parameters, one must propose an acous-
duced later on allows this otherwise one-dimensional moddi€ model and calculate the shear stress at the interface. We
to account for much of the lateral variatiprievertheless, €an show that a “near-field” acoustic geometry applies to

we state these assumptions and indicate that their limits diur System, similar to that described by LJ. The wavelength
applicability must be tested. of 5 MHz acoustic waves in all materials used here is near

The acoustic interaction between the probe and QCM00 #m.*® whereas the contact radii are between 50 and 300

was treated by LJ as an added load impedaficén series "M Therefore, the contact radius is at least three orders of
with the other elements of the acoustic branch. For semiMagnitude smaller than the wavelength of sound. As such,

infinite media, Z, is simply the mechanical impedance W€ €xpect sound to radiate into the tip as spherical waves
evaluated at the interacting surface of the QCM. The medecaying as/r, wheree is a characteristic size of the true

S

FIG. 7. Schematic diagram of the probe—QCM interface.

chanical impedance is defined by contact regiongasperitie through which sound propagates,
andr is the radial distance from the contact. The simplest
Z =olv, ©) way to represent the acoustic deformation of the contact is
where o is the applied shear stress amds the surface ve- e
locity. Z, is a complex quantity and must be normalized to u(r,t)=u0me'(‘”"k”, (7)

the electrode area. Since the changes in resonance param-

eters are only a few parts per million, the interaction betweenvhereu, is the amplitude of the QCM shear oscillatianjs
the probe and QCM can be treated as a small perturbatiothe angular frequency, arldis the wave number. As shown
Within the BVD damped harmonic oscillator model, the in Fig. 7, e equals the contact radiug for a single-contact
changes in resonant frequency and half bandwidth are giveinterface where the number of contatis-1.

to first order, by: For a multicontact interface, we proposes approxi-
mately constant as botN and the contact area increase in

Af=— E ImZ,] , (4)  proportion to the load’ In this caseg is determined by the
T Zg nature of the roughness on the scale of the contact zone.
and Evaluating the shear stress at the interfacep, we find:
fo REZ(] au ( 1. )
— o~—K—| ~—Kug| ——ik|, 8
AT=———, (5) ar | of ¢ ®

q

where f, is the fundamental frequency and,=8.8 whereK is an effective shear modulus of the interface. The
x10° kgm2s! is the acoustic impedance of AT-cut surface mechanical impedance can then be evaluated, taking
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care to normalize to the area of shear waves in the QCM byABLE I. Calculation of contact regiortasperity radius for theW and
including a factora?/aZ, wherea, is the radius of the active SI¢a Probes.

area(essentially the electrode ajea

Probe material Af/A. (from Fig. 5 Asperity contact radiusg

a2 K

2
z; we

26 nm
99 nm

2
a; o

. W tip (R=12 um) 102+1 Hz/um?
Y ajdulat] _

(ke—i). (9)  silica spherdR=0.5mm  16.6+0.3 Hzjum?

0

Using Eqgs.(4) and (5) we find

Af= 1

Wquag €’ (10
fo

AT = ———Kka?, 11

TZqwag G )
and
AT
E_k(:‘. (12)

Again, we consider the Ag film and quartz to be a single
system, with shear modulus of 29 GPa, while Yeip and
silica sphere have shear moduli of 135 GPa and 29 GPa,
respectively. For the corresponding interfaces, the reduced
shear moduli are then 13 and 8 GPa. Fitting Bd) to the
measured slopes in Fig. 5 allows us to estimate of the aver-
age size of asperity contacts, shown in Table I. These values
are reasonable since asperities in this size range are com-
monly observed in STM images of QCM electrode surfaces

(see, for example, Refs. 27 and)3Zhe range of areas dis-
The interface is characterized I a., ande. From a  played in Fig. 5 corresponds to a range of up to 330 nm in
dimensional analysis, the quantitya;/e defines a spring contact radius. Our data and model are both consistent with
constant for the increased stiffness of the system and positivgn interface involving a collection of distinct contact regions
frequency shift. The increase in half bandwidth and dissipawith a constant average sizeConsideringe to be the radius
tion due to sound propagation depends on the total contaglf asperities, the number of asperity contacts may be esti-
area independent of the roughness. More importantly, Wenated from the area ratio=aZ/>. For theW tip, we find
find that for interfaces where~constant, the frequency shift the estimated number of asperity contacts varies from 1 to
is proportional to the contact area while the loss tangent re=_70 as contact area increases in Fig. 5. For the silica sphere,
mains constant. On the other hand, in the limit of single-the number varies from 1 te-10. Again, these values seem
asperity interfaces whete=a., we recover the result of LJ, reasonable for our simple model. Presumably, one could de-
i.e., both the frequency shift and loss tangent are propottermine the overall size of the contact zone by estimating the
tional to contact radius. separation between contacts. However, this would require a
While LJ had no independent means of measuring thenore detailed analysis of the asperity height distribution and
contact Size, the data pUbllShed in Ref. 17 allow one to dedegree of deformation than the model justiﬁes_
termine whether the dependence of the frequency shift and The model presented here indicates that changes in fre-
loss tangent on the contact radius is self-consistent. For thguency shift are simply proportional to changes in local elas-
smooth lubricated contac\f and AT'/Af are observed to tjcity as long as the contact area and roughness remain un-
increase with contact radius in the same fashion, agreeinghanged. This clarifies the mechanism of lateral contrast in
with their model. In contrast, for rOUgher metal—-metal CON-|pcal e|asticity |mag|ng Setups based on Scanning probe_
tacts,Af increases by at least a factor of 4 whid'/Af  QCM combinationg®~*®This model does not contradict the
remains essentially constant. This apparent departure fro@hservation ohegativefrequency shifts in experiments with
their model is eXplained within the rOUghness piCtUre pPre{1ow modulus p0|ymer probes on QCM Surfaé&@ne can
sented heré? show that the lower shear moduli and significantly larger
We may analyze the slopes of the data presented in Figsontact areas imply that the wavelength of sound in the poly-
5 to show that our model gives reasonable results for the sizger is not larger than the contact radius, so the interaction is
and number of contacting regions. According to Ef)), for o longer in the near-field acoustic limit. In this case, theo-
oscillations in the fundamental moae=27f,, the slope is  ries based on plane waves apply, which predict the observed
given by negative frequency shift?.This might have been the case as
Af K well for the negative frequency shifts reported in Ref. 11 for

A 27 A (13 tip—QCM interactions in the presence of water films.
¢ T “qe€ The model we have described assumes the contact re-
where A,=maZ, A,=2.8x10° m%} and Z,=8.8 gions do not slip. Equatiof8) shows that for a shear modu-

x10° kgm2sL It is an approximation to consider only lus of about 10 GPa, QCM oscillation amplitudg~10 nm
one value for the elasticity of the interface in our model, (a typical value for the QCM'’s in these experimerftsand
especially given the proposed spherical geometry of the~100 nm, the shear stresses applied to the interface may
wave fronts in the probe. Since the QCM response is correextend into the GPa range, enough to cause significant plas-
lated with the lateral deflection of the contact, one choice fottic deformation and wear. Indeed, a transfer film was ob-
K is the reduced shear modul®d*, of the interface®® served, apparently of silver from the electrode surface, on the
silica sphere after the experiments. Indentation curves ob-
i: 2-n tained with the QCM oscillating and static were compared,
G* Gy and it was found that the depth of penetration of the tip into

2_1/2
G

(14
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the oscillating QCM was nearly twice that of the static QCM, ©s. P. Jarvis, A. Oral, T. P. Weihs, and J. B. Pethica, Rev. Sci. InsBdm.
although both exhibited hysteresis. This suggests that in ad;3515(1993-

dition to elastoplastic deformation, wear was indeed occur- g/'é /'1'0567‘?(21'9%7)0 Shea, M. E. Welland, and K. L. Johnson, Phys. Rev. B
ring gt some point during the indentations, mplymg fretting s "\ Carpick, D. F. Ogletree, and M. Salmeron, Appl. Phys. LEG.

or slip. It is well known that the onset of slip depends on 1548(1997.

both oscillation amplitude and the load, with slip favored at °U. Dirig, O. Zuger, B. Michel, L. Haussling, and H. Ringsdorf, Phys. Rev.
larger amplitudes and smaller loadfsHowever, the results B 48 1711(1993, _

presented here are not sufficient to determine the degree gf° RuPio; N- Agral, and S. Vieira, Phys. Rev. Letl6, 2302(1996.

. . . .J. Krim, A. Dayo, and C. DalyAtomic Force Microscopy/Scanning Tun-
slip at the mterfaces,_and the model de_§cr|bes our data quitenejing Microscopy edited by S. H. Cohert al. (Plenum, New York,
well in terms of no-slip boundary conditions. 1994, p. 211.

Nevertheless, both mass-and-spring mechanical modef&). Krim, A. Dayo, and C. DalyAtomic Force Microscopy/Scanning Tun-
and a recently published physical mddeandicate that the neling Microscopy edited by S. H. Cohert al. (Plenum, New York,
; . - . . . 1994, p. 303.
onset.of interfacial slip is assocllated with a decre_ase in thes, Sasaki, A. Katsumata, F. Iwata, and H. Aoyama, Appl. Phys. Bdit.
magnitude of the frequency shift and a broadening of the 124(1994.
resonance due to frictional energy losses. These considefA. Sasaki, A. Katsumata, F. lwata, and H. Aoyama, Jpn. J. Appl. Phys.,
ations indicate that it should be possible to investigate inter_Part 233, L547(1994.

facial shear strengths, fretting, and high-speed sliding fric- E‘Q;%mada’ S. Ye, and K. Uosaki, Jpn. J. Appl. Phys., Pe35,2.846

tion using probe—QCM techniques. The pressures ant; . kim and S. M. Chang, Appl. Phys. Lei4, 466 (1999.

sliding speeds accessed would be relevant to the operation 8. Laschitsch and D. Johannsmann, J. Appl. Pi8.3759(1999.
microelectromechanical systems as well as macroscopic d(léz-A- Laschitsch, thesigLogos Verlag, Berlin, 2000

vices, for the former of which there historically have been - Laschitsch, L. E. Bailey, G.W. Tyndall, C. W. Frank, and D. Johanns-

. . . . mann, Appl. Phys. Lett78, 2601(2001).
very few nano- or microscale techniques operating in theos \, Flanigan, M. Desai, and K. Shull, Langmié, 9825(2000.

appropriate physical reginf&. 21G. L. Dybwad, J. Appl. Phys58, 2789(1985.

Finally, we see from our results that it should be possibl€*G. McHale, R. Lucklum, M. I. Newton, and J. A. Cowen, J. Appl. Phys.
to carry out nanomechanical studies with probe—QCM setupgzsyAnso“(jiOQf- K3 Wahl and R. 1. Colion. Rev. Sei. Inctr i, 2406
in which the number of contact regions is controllably varied = SyedAsif. K. J. Wahl, and R. J. Colton, Rev. Sci. Instr.
over the mesoscopic range from_a single to hundreo_ls of COM4k_ . Johnson,Contact Mechanic§Cambridge University Press, Cam-
tacts. Such studies would benefit greatly from specially pre- bridge, UK, 1985, p. 92.
pared probe and/or substrate surfa¢eih desirable mor- Z5M. E. Frerking,Crystal Oscillator Design and Temperature Compensation
phologies or material propertigsincreased frequency shift ,,Van Nostrand Reinhold, New York, 19%8. 85.

o . o . . 26The present experiment did not allow for the calibrated tracking of
sensitivity, and a wide variation of the QCM vibrational am- changes in energy dissipation via shifts in resonant amplitude, quality

plitude, for the possibility of studying both nonsliding and factor, or bandwidth of the QCM. Qualitatively, when large enough to be

sliding contacts. observable, the amplitude changes were negative, indicating increased en-
ergy dissipation.
27 :
V. CONCLUSIONS B. Borovsky, B. L. Mason, and J. Krim, J. Appl. Phy&8, 4017(2000.

283, A. Syed Asif, K. J. Wahl, and R. J. Colton, J. Mater. RES. 546

We have investigated the contact mechanics occurring %52300{ fons 0 500N on th ficed QCM after th -

f . naentations to on the sacrirce arter the experiments in-
t,he interface bet\/\_/eer) a probe tip and QCM surface. FOI‘ the dicated that under these conditions, the Ag film, and not the quartz sub-
tip—surface combinations chosen, the data and modeling pré-irate, dominated the mechanical response.
sented are consistent with an interface involving many dis#w. C. Oliver and G. M. Pharr, J. Mater. Re%.1564(1992.
crete contact regions. The change in resonant frequency . A._Greenwood, irFundamenta!s of Fr.iction: MaCfOS(?OpiC and Micro-
the QCM is directly proportional to the contact area and S°oPic Processes\ATO ASI Series, edited by I. L. Singer and H. M.

.. . Pollock (Kluwer, Boston, 199 p. 37.
reflects the elasticity of the interface and the number and: p,jasantzas and J. Krim, Phys. Rev. Le&. 3564 (1994,

average size of contact regions. 3R, Cernosek, S. Martin, A. R. Hillman, and H. Bandey, IEEE Trans. on
Ultrasonics, Ferroelectrics and Frequency Condi®)|1399(1998.
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